Boston RC, Moate PJ. NEFA minimal model parameters estimated from the oral glucose tolerance test and the meal tolerance test. Am J Physiol Regul Integr Comp Physiol 295: R395-R403, 2008. First published June 18, 2008 doi:10.1152/ajpregu.90317.2008The kinetics of nonesterified fatty acid (NEFA) metabolism in humans requires quantification to facilitate understanding of diseases like type 1 and 2 diabetes, metabolic syndrome, and obesity, and the mechanisms underpinning various interventions. Oral glucose tolerance tests (OGTT) and glucose meal tolerance tests (MTT) are potentially useful procedures for enabling quantification of NEFA kinetics because they both cause transitory, but substantial, declines and then rebounds in plasma NEFA concentrations in response to physiologically relevant increases in plasma glucose. The Boston MINIMAL model of NEFA kinetics was developed to analyze data from the intravenous glucose tolerance test (IVGTT), but in this work, we present for the first time its application to modeling NEFA data from both OGTT and MTT studies. This model enables estimation of S FFA (mol ⅐ l Ϫ1 ⅐ min Ϫ1 ) (a parameter describing the maximum rate of lipolysis), and KFFA (%/min) (a parameter related to NEFA oxidation rate). The model could well describe the trajectories of NEFA concentrations following an OGTT (R 2 in excess of 0.97) but was not as successful with the MTT (R 2 Ͼ 0.65). Model parameters derived from analysis of OGTT and MTT data were well identified with coefficients of variation generally less than 15%. Type 2 diabetes, body mass index, and dietary treatment (high-fat vs. high-glycemic-index diets) were all shown to have significant effects on model parameters. Modeling plasma NEFA concentrations over 24 h has helped to identify and quantify the extent that periprandial NEFA peaks and nocturnal elevation in plasma NEFA can be accounted for by our model. NEFA kinetics; lipolysis; fatty acid oxidation A SIMPLE, ACCURATE AND INEXPENSIVE technique is required to quantify lipid metabolism (rates of lipolysis of triacylglycerol in adipose tissue and oxidation of fatty acids) to facilitate advancement in our understanding of pathological conditions such as obesity, dislipidemia, diabetes mellitus, hypertension, and coronary heart disease (3, 4, 7, 19, 25, 29, 32) . Recently, a novel model has been presented to describe plasma nonesterified fatty acid (NEFA) kinetics in humans apropos of the intravenous glucose tolerance test (IVGTT) (9). This model (henceforth called the Boston Complete NEFA model) is novel in that it utilizes plasma glucose concentrations as the principal driver that influences NEFA kinetics.
A SIMPLE, ACCURATE AND INEXPENSIVE technique is required to quantify lipid metabolism (rates of lipolysis of triacylglycerol in adipose tissue and oxidation of fatty acids) to facilitate advancement in our understanding of pathological conditions such as obesity, dislipidemia, diabetes mellitus, hypertension, and coronary heart disease (3, 4, 7, 19, 25, 29, 32) . Recently, a novel model has been presented to describe plasma nonesterified fatty acid (NEFA) kinetics in humans apropos of the intravenous glucose tolerance test (IVGTT) (9) . This model (henceforth called the Boston Complete NEFA model) is novel in that it utilizes plasma glucose concentrations as the principal driver that influences NEFA kinetics.
Briefly, a linear interpolation of plasma glucose concentrations provides a time-delayed input function to a "remote" glucose compartment. Elevation of glucose concentrations in the remote compartment causes a Michaelis-Menten type of inhibition of lipolysis that results in a decline in the rate of input of NEFA to the plasma compartment. Output of NEFA from the plasma compartment is described by a first-order rate constant. This new NEFA model has been successfully used to describe the pattern of plasma NEFA concentrations in humans during either a glucose-only intravenous glucose tolerance test (GO-FSIGT), an insulin-modified intravenous tolerance test (IM-FSIGT), or a modified protocol (IM-FSIGT-CLAMP) during which variable-rate glucose infusions were administered to prevent plasma glucose from declining below 100 mg/dl.
A slight variation of this model (the Boston MINIMAL NEFA model) has also been used to model plasma NEFA concentrations following a standard FSIGT in lactating dairy cows (10) . The Boston Complete NEFA model differs from the MINIMAL model in that the Complete Model contains one additional parameter, an explicit time delay (, min), which partly accounts for the delay between the time when plasma glucose concentrations may rise (due to an IVGTT) and the time when plasma NEFA concentrations begin their precipitous decline.
The IVGTT necessitates catheterization of at least one antecubital vein, and the standard protocols for IVGTTs whether the traditional frequently sampled intravenous glucose test (FSIGT) or the insulin-modified frequently sampled intravenous glucose test (IM-FSIGT) involve intravenous infusion over ϳ1 min of a hypertonic glucose solution (typically, 0.3 g glucose/kg body weight), and the collection of between 24 and 30 blood samples over the subsequent 3 to 4 h (35) . It has been argued that this procedure results in a "nonphysiological milieu" since the rapid glucose and insulin perturbations of an IVGTT do not reflect the conditions of daily living (15) . Indeed, from the preinfusion basal glucose concentration of ϳ4 mM, a sharp peak in plasma glucose follows at about 2-3 min postinfusion, with plasma glucose concentrations increasing to between 9 and 25 mM. Similarly, the concentration of insulin in plasma may increase from a basal concentration of ϳ5-15 ng/ml to a peak at between 4 and 10 min postinfusion of between 50 and 200 ng/ml (35) . Elevated plasma concentrations of insulin may lead to substantial reduction in hepatic glucose production (14, 22) , and this may result in plasma glucose concentrations declining to hypobasal levels at about 60 min after the glucose injection (11, 35) . Because of these substantial changes in plasma glucose concentrations, it has been suggested that it is inappropriate or even dangerous to perform the IVGTT on diabetic subjects (15) .
In contrast to the IVGTT, the commonly employed oral glucose tolerance test (OGTT) involves the subject consuming (over a 5-min period) 75 g of a glucose solution. Because glucose must pass out of the stomach before it is absorbed into the blood from the small intestine, the subsequent peaks in plasma glucose and insulin are generally smoother and more undulating, less pronounced, and somewhat delayed compared with those observed during an IVGTT. Indeed, following an oral glucose challenge, the peak glucose concentrations are typically between 7 and 9 mM, and this occurs between 30 and 60 min postchallenge (33, 34) . Similarly, the peak insulin concentration following an OGTT is generally between 30 and 70 ng/ml, and this occurs between 30 and 120 min postchallenge (23) .
In comparison to an IVGTT, the glucose and insulin responses to an OGTT are less pronounced and somewhat delayed. Furthermore, plasma responses of glucose, insulin, and NEFA from an OGTT more closely mimic those obtained from a meal tolerance test (MTT), and because both OGTT and MTT are less dangerous than IVGTT when performed on diabetic patients, they may be the preferred diagnostic tests for these patients. Therefore, the primary aim of the work described here was to determine whether the glucose responses from either an OGTT or a MTT could be used as drivers of the Boston Complete NEFA model or the Boston Minimal NEFA model. The OGTT and MTT typically involve far fewer samples than the IVGTT, and sampling tends to be much more dispersed, with intersample intervals in some protocols being in excess of 30 min (30, 38) . Thus, in this investigation, the outcome is influenced not just by the difference in the manner of administering the glucose challenge, but also by differences in the number of plasma samples and the intersample intervals employed in each protocol.
MATERIALS AND METHODS
NEFA model. Both the Boston Complete and the Boston MINIMAL models of NEFA kinetics were used in the studies reported here. A brief exposition of the Boston MINIMAL NEFA model is provided in the APPENDIX.
Experimental data. The data used to test the NEFA model came from four previously reported experiments involving a diverse range of subject types, experimental protocols, and treatments that all relate to normal or disordered fatty acid metabolism (Table 1) . Data sets from metabolic challenges, from which there are only small numbers of plasma data, infrequent plasma sampling, or sampling terminated prematurely before a complete metabolic response, are of limited use for modeling purposes because they do not facilitate parameter identification. Of all of the OGTT and MTT studies that we could find in the scientific literature, the four studies listed in Table 1 were chosen because they used blood sampling regimens with a substantial number of samples, relatively high frequency of sampling, and sampling extended for at least 180 min. In fact, studies 1, 2, 3, and 4 reported plasma glucose and NEFA data from 15, 11, 19 , and 33 sampling times, respectively. Furthermore, study 2 reported plasma data at 10-min intervals, studies 1 and 3 at 15-min intervals and study 4 at 30-min intervals. In contrast, many other OGTT and MTT studies in the scientific literature report data from seven or fewer sampling times and intersampling intervals greater than 30 min.
Study 1 (OGTT). Briefly, the experiment by Blanc and colleagues (5) involved eight men and eight women, all in good general health and without a family history of diabetes. All of these subjects underwent an OGTT during a control state, and again during a 7-day period, during which the subjects experienced head-down bed rest (HDBR). HDBR is a model of physical inactivity that has been used to mimic exposure to weightlessness (6) . During HDBR, volunteers are confined to bed in a head-down position of Ϫ6°for variable durations. HDBR induces the headward shift of fluids, and the hypokinesia and hypodynamia that typically occur during space flight (6) . However, there have been conflicting reports on the effects of HDBR on fat metabolism as gauged by changes in body fat mass (6, 18, 26) . Blood samples were collected from each subject at ϳ0, 
Study 3 (MTT).
The study by Brynes et al. (12) involved subjects exposed to four dietary treatments in a randomized Latin Square crossover design. In this modeling analysis, we consider just the two most dissimilar dietary treatments: a high-fat diet (HIGH-FAT) and a high-carbohydrate high-glycemic index diet (HIGH-GI). All subjects had normal meals, and frequent blood samples were collected throughout the day. A breakfast meal was given at 15 min (0900), lunch at 195 min (1200), and afternoon tea at 375 min (1500). Blood samples were collected at 0 15, 30, 45, 60, 75, 135, 195, 210, 225, 240, 255, 375, 390, 405, 420, 435 , and 495 min. The glucose data shown in the original Fig. 1A from (12) and the NEFA data shown in original Fig. 4A from (12) were used in this modeling.
Study 4 (MTT).
The study by Teff et al. (37) involved women subjects exposed to a diet containing either glucose-sweetened beverages (HIGH-GLUC) or fructose-sweetened beverages (HIGH-FRUCT). All subjects had normal meals, and blood samples were Values are means (SD); BMI, body mass index; OGTT, oral glucose tolerance test; HDBR, head-down bed-rest; n, number of subjects in study; NS, sex not specified. All OGTT and MTT were conducted after a standard overnight (12 h) fast. For each experiment, the relevant figure was electronically scanned, and the data were digitally extracted by means of UN-SCAN-IT, ver. 5.0 software (Silk Scientific, Orem UT).
Implementation and analyses. The NEFA model was implemented using WinSAAM (36) (available from http://www.winsaam.org), and the model was fitted to the NEFA and glucose data, as described previously (9, 10). Our original intention was to focus on the Complete Boston model of NEFA kinetics (9), which was developed using intensively sampled data from the IVGTT in humans. We wanted to determine whether it could be employed to model NEFA data apropos of the OGTT and the MTT. As previously extensively discussed (9), the Complete Boston NEFA model contains a number of parameters related to the initial conditions of compartments and the latency or delay period that occurs after a spike in plasma glucose concentrations until plasma NEFA concentrations begin a precipitous decline. These parameters are R 0 (mmol/l), a parameter that describes the initial conditions of a glucose compartment remote from plasma, gs (mmol/ l), a threshold glucose concentration, kc (min -1 ), a first-order rate constant describing the movement of plasma glucose into a remote compartment, (min), an explicit time delay. Our preliminary investigations revealed that when sparsely sampled data sets were being used for modeling, these particular parameters could not necessarily all be identified. All of the data sets from the studies listed in Table 1 contained only 6 or fewer data within the 1st h of sampling. Accordingly, in this investigation, to facilitate parameter estimation and identification, the MINIMAL Boston NEFA model (10), which does not contain the explicit time delay parameter, was used to model the OGTT and MTT data. Even when the MINIMAL Boston model of NEFA kinetics is employed for modeling purposes, sparse data during the initial 30 min sometimes makes estimation of R 0 problematic. In these circumstances, if the estimated CV of R0 was greater than 50%, then R0 was fixed at 0, and resulting estimates of other model parameters are conditional on this setting.
For study 2, t-tests of means were conducted, and statistical differences were declared if P Ͻ 0.05. Figures 1-3 show mean plasma concentrations of glucose and NEFA obtained from the publications (5, 12 37, 38) and model fits of plasma NEFA concentrations.
RESULTS AND DISCUSSION
The model fits of NEFA for studies 1 and 2, shown in Figs. 1 and 2, depict how well the Boston NEFA model can describe the NEFA response following an OGTT. In all cases, there were generally no marked systematic deviations of model fits from the data, and the adjusted R 2 values were all in excess of 0.98. The only feature of concern, which is evident in Fig.  1C , is a predicted peak in plasma NEFA concentrations of ϳ925 mol/l at 8 min. As can be seen in Fig. 1C , the first sampling time was at 0 min, and the second at ϳ15 min, so it really is open to conjecture what the real plasma NEFA concentration was at 8 min. Nevertheless, if OGTT is to be used for NEFA modeling, this feature demonstrates the need for frequent blood sampling, especially during the first 30 min. In studies 1 and 2, the parameters of the NEFA model were generally all well identified, with the only exception being parameter k c for obese and obese-type 2 diabetic subjects in study 2. Fig. 3 , A and B show data and model fits of plasma NEFA for the subjects in study 3 (MTT), the HIGH-FAT, and HIGH-GI diets, respectively. As in studies 1 and 2, the MINMAL NEFA model was able to well describe the entire trajectory of plasma NEFA concentrations, with no major systematic deviations, but the adjusted R 2 values were 0.91 for the HIGH-FAT treatment and 0.97 for the HIGH-GI treatment. In this longer-term study, the trajectories of the actual and fitted plasma NEFA concentrations were more complex than in the earlier studies, since they reflected to some degree, the fluctuating plasma glucose concentrations resulting from the intermittent effects of absorption of dietary glucose from the breakfast, luncheon, and afternoon tea. It can be seen in Fig. 3 , C and D that plasma NEFA concentrations fluctuated in response to the breakfast-, lunch-, and dinner-induced fluctuations in plasma glucose concentrations. The MINIMAL NEFA model well described the plasma NEFA concentrations between 0 min (8:00 AM) and 1,000 min (12:00 midnight), with only small discrepancies occurring between the observed and fitted NEFA concentrations. Considering just the period between 0 and 1,000 min, the overall adjusted R 2 was 0.85 for the HIGH-GLUC treatment and 0.61 for the HIGH-FRUC treatment. These R 2 values are substantially less than the R 2 values obtained previously with IVGTT data (9) and less than the R 2 values obtained with the OGTT data from studies 1 and 2. We speculate that because the meal study tests were of such long duration, a number of uncontrolled and unmodeled factors may have been responsible for the discrepancies between data and model fits. We speculate that fat absorbed from the diet may be a contributory factor to the high NEFA peaks that occur at meal times (Fig. 3, C and D) . Another unmodeled factor with regard to the NEFA response to a meal tolerance test is the possible involvement of counterregulatory hormonal effects. These may include epinephrine "spikes" associated with meal anticipation (2), cephalic responses initiated by the thought, sight, smell, and taste of food (31) , as well as the influence of meal stimulation on gut peptides (17) . Absorption of protein from a meal test could also be expected to lead to an amino acid-stimulated increase in plasma insulin (20, 27) , and this too could cause a decrease in plasma NEFA, independent of plasma glucose. Therefore, we consider that although the current NEFA minimal model does a reasonable job at describing plasma NEFA concentrations in response to a meal test, further improvements/additions to the model may be possible to make it more appropriate for modeling NEFA data from meal tolerance tests.
The model predictions between 1,000 min and 1,300 min were poor because the Boston model was unable to predict a high peak in NEFA concentrations that occurred between 1:00AM and 2:00 AM in both the HIGH-GLUC and HIGH-FRUCT treatments. We were unable to adequately model NEFA concentrations during this period. Accordingly, when fitting the NEFA MINIMAL model to the data from study 4, the plasma glucose and NEFA data from 0 to 1,000 min were weighted to the analysis used to estimate model parameters (i.e., the data between 1,000 and 1,500 min were weighted 0). Thus, only data from 0 to 1,000 min were used for parameter estimation, and the resulting parameters were used to make the intrasampling interval predictions on plasma NEFA from 0 to 1,000 min, and the out-of-sample predictions between 1,001 and 1,500 min shown in Fig. 3 , C and D.
As can be seen in Table 3 , all adjustable parameters were well identified with the exception of parameters R 0 for subjects in the HIGH-GI treatment in study 3 and for parameter R 0 in study 4 .
The results of analyses presented in Tables 2 and 3 and Figs. 1, 2, and 3 provide compelling evidence that the Boston MINIMAL model can, in fact, accurately describe NEFA kinetics apropos of the OGTT and MTT in humans. The MINIMAL NEFA model could describe the complete 300 min (study 1) and 180 min (study 2) trajectories of plasma NEFA concentrations following OGTT. It could also describe the complete 500 min (study 3) trajectory of plasma NEFA following a MTT and could also describe the trajectory of plasma NEFA for 1,000 min in another study (study 4).
Each of the specific model parameters obtained for both men and women of different demographic classes undergoing a wide variety of treatments and obtained during either the OGTT or the MTT were consistent and plausible. Furthermore, as can be seen in Table 4 , parameter estimates and indices obtained from modeling OGTT and MTT data were consistent in magnitude with corresponding estimates obtained from the Complete Boston model applied to IVGTT data from normal healthy human subjects (9) . However, as can also be seen from Table 4 , the ranges for the important parameters kc, S FFA (a parameter describing the maximum Fig. 3 . Time course of plasma glucose (■) and NEFA (F) data during meal tolerance tests from study 3 (A and B) and study 4 (C and D). The solid line for NEFA are the model fits. The data shown in A came from subjects on a high-fat diet while data in B came from subjects on a high glycemic diet. The data in C came from subjects receiving high glucose beverages, while data in D came from subjects receiving high-fructose beverages. In C and D, NEFA data between 1,000 min and 1,500 min were weighted out of the modeling and hence did not contribute to model predictions. The data shown here were electronically digitized from graphs published in the scientific literature. The glucose data shown here in Fig 3, A rate of lipolysis), and K FFA (a parameter related to NEFA oxidation rate) were all greater in the studies involving the OGTT and MTT protocols. Furthermore, the overall errors of fitting (RMSE) were somewhat greater for the OGTT and MTT protocols, and the R 2 values were slightly less than those obtained from IVGTT studies. From this investigation, it is not possible to determine whether it was the mode of glucose administration or the number and temporal distribution of plasma samples that caused these slight differences. Further studies may be warranted on the effect of different sampling regimens (increased numbers of samples, reduced intersample interval, and time of the final sample) on the accuracy of NEFA model parameter estimation from OGTT and MTT investigations. Values are expressed as means (SD). M, men; W, women; HDBR, head-down bed-rest; N, normal subjects; O, obese subjects. O-T2D, obese subjects with type-2 diabetes; Gb, initial or basal glucose concentration; NEFA0, initial or basal nonesterified fatty acid concentration; R0, initial concentration of glucose in a remote compartment; kc, rate constant describing the movement of plasma glucose into the remote compartment and the clearance of glucose from the remote compartment; SFFA, rate of provision of NEFA to the plasma pool; KFFA, rate constant that describes the rate at which NEFA leaves the plasma pool; gs, a threshold or set point in plasma glucose concentration above which elevated levels of plasma glucose result after a delay of (min), in entry of plasma glucose into the remote compartment; ⌽, adjustable Michaelis Menten-type affinity constant; LIP0, the rate of lipolysis at time 0; OX0, the rate of oxidation of NEFA at time 0; NTLR0, net transient lipolytic rate at time 0; Tmin, time of nadir in NEFA concentrations; Suppression %, an index providing a measure of the flexibility of the system to alternate between using glucose or NEFA as an energy source; n, the number of subjects in each study; RMSE, root mean square error. For study 2, means followed by different superscripts differ significantly, P Ͻ 0.05. Values are expressed as means (SD). HIGH-FAT, high fat diet; HIGH-GI, high glycaemic index diet; HIGH-GLUC, diet supplemented with a high glucose beverage; HIGH-FRUCT, diet supplemented with high fructose beverages. In study 4, for high glucose and high fructose studies, parameters and indices of goodness of fit relate to data between 0 and 1,000 min.
The usefulness of a model depends not just on its ability to accurately describe the plasma trajectory of the entity in question but also on its ability to identify hitherto unrecognized or unexpected attributes of the system in question. We are hesitant to make an extensive list of statements about the many parameters listed in Tables 2 and 3 , with apparently statistically different magnitudes, because many study-specific factors could have caused these differences. However, there are a number of substantial and intriguing within-study differences that we cannot overlook without comment.
In study 1, both S FFA and K FFA appear to be substantially different between the control men and control women. Thus, from Table 2 , lipolysis and oxidation were substantially greater in women than in men. This finding supports the previously made conclusion that there is a sexual dimorphism in basal rates of fat oxidation (28) . The actual NEFA data graphically presented in Fig. 2D show the similarities and differences in the plasma NEFA response to an OGTT in normal, obese, and obese subjects with Type 2 diabetes, and, in particular, qualitatively show that obese subjects appear to be on the pathway toward Type 2 diabetes. Moreover, Fig. 2D demonstrates convincingly that the Boston MINIMAL NEFA model is sufficiently robust to be able to describe the NEFA response in these metabolically diverse populations.
From Table 2 , it can be seen that the progression from normal health to obesity and then Type 2 diabetes, is associated with substantial and significant (P Ͻ 0.05) changes, not just in a single parameter of the Boston MINIMAL Model, but progressive changes in most model parameters. In study 2, obese Type 2 diabetic subjects have a substantially smaller S FFA compared with normal or obese subjects. K FFA declines progressively from normal health to obesity and obesity with Type 2 diabetes. In contrast, there is a strong progressive increase in ⌽ from normal health to obesity and Type 2 diabetes. Substantial, statistically significant (P Ͻ 0.05), and progressive changes are also evident in the indices for study 2, presented in Table 2 . These findings with respect to the K FFA and ⌽, in terms of directional trends between normal and obese subjects, mirror our previously reported findings from Boston Complete model analysis of IVGTT data from normal and high body mass index (BMI) subjects (9) .
The HIGH-GI diet in study 3 is associated with a lower S FFA , LIP 0 , and OX 0 than the HIGH-FAT diet.
The nocturnal peak in plasma NEFA observed in study 4 is quite intriguing. Recently, it has been shown in dogs that nocturnal plasma free fatty acid concentrations are elevated in the longitudinal development of diet-induced insulin resistance (24) . The subjects in study 4 were young and healthy, and they had a relatively low BMI (Table 1 ) and can therefore be expected not to be candidates for the development of dietinduced insulin resistance. As can be seen in Fig. 3 , C and D, in study 4, plasma glucose concentrations were quite constant during the period from 1,000 min (12:00 AM) to 1,300 min (5:00 AM). There is also evidence demonstrating that during this same period, insulin concentrations remained at a constant basal concentration (37) . These observations together with the failure of the Boston Minimal Model to accurately describe the peak in plasma NEFA concentrations between 1,000 min and 1,300 min in study 4 can be taken as an indication that an unmodeled force was influencing plasma NEFA concentrations during this period. Moreover, we postulate that the magnitude of the discrepancies between observations and model fits (shown in Fig. 3, C and D) must reflect the magnitude of the putative force. Because the period between 12:00 midnight and 5:00 AM is a period normally involving sleep and darkness, it is tempting to speculate that the unmodeled force may somehow be related to these factors. The latter possibility is supported by the observation that in goats, variations and rhythmicity in plasma NEFA concentrations depend upon lighting conditions (1) . There are other possible explanations. The authors of study 4 suggest a relationship between temporal patterns of changes in plasma NEFA and plasma ghrelin concentrations (37) . Insulin sensitivity with respect to glucose metabolism has been reported to decrease between midnight and 6:00 A.M., and this decrease in insulin sensitivity has been correlated with an increase in plasma free fatty acid concentrations (8) . Another possibility is growth hormone, because physiological increases in growth hormone have been shown to have potent lipolytic effects (13) , and growth hormone is known to spike at night during sleep and to be highly correlated with lipolysis (21) .
Perspectives and Significance
The analyses presented here demonstrate that even though the Boston MINIMAL model of NEFA kinetics was developed principally to describe the plasma NEFA concentrations apropos of the IVGTT, it can also be used to model plasma NEFA concentrations apropos of the OGTT and MTT. An important finding of this work is the demonstration that the Boston MINIMAL model of NEFA kinetics is sufficiently robust to be able to describe NEFA profiles following an OGTT in normal, obese, and obese subjects with Type 2 diabetes and that it provides estimates of model parameters that are systematically different between normal, obese, and obese subjects with Type 2 diabetes. This finding supports the idea that this model may have potential uses in the diagnosis of diabetes and in research aiming to quantify the progression of the diabetic syndrome or in research aiming to quantify how therapeutic treatments might ameliorate this syndrome. The IVGTT, OGTT, and MTT protocols all involve fairly frequent sampling of blood, and, hence, necessitate cannulation of a major blood vessel. The IVGTT can be conducted over a period of just 3 to 4 h, but in order for OGTT and MTT to reveal the reduction in plasma NEFA concentrations to a nadir and the subsequent rebound in plasma NEFA concentrations to potentially suprabasal concentrations, the OGTT and MTT must be conducted over a period of at least 5 h if not more. A complete NEFA response with a decline in plasma NEFA concentrations, nadir, and a substantial amount of the rebound phase appears necessary if all model parameters are to be adequately estimated and identified. Thus, for modeling purposes, the IVGTT with numerous frequent blood samples appears preferable to the longer-duration and typically sparsely sampled OGTT and MTT. Nevertheless, there are sometimes sound experimental and clinical reasons for conducting OGTT or MTT, and the work presented here demonstrates that these protocols can provide data amenable to modeling and suitable for enabling estimation of parameters related to the rates of lipolysis and oxidation of NEFA.
APPENDIX
The MINIMAL model of NEFA kinetics employed in these investigations has previously been described in detail (10) and is encapsulated in the following differential and ancillary equations. 
where t represents the time in minutes after an intravenous injection of glucose; G(t) (mmol/l) is a function describing the plasma glucose concentration and it is obtained by linear interpolation of the plasma glucose data; G b (mmol/l) is the initial or basal glucose concentration, gs (mmol/l) is a parameter that defines a threshold or "set-point" in plasma glucose concentration, above which elevated levels of plasma glucose result in entry of plasma glucose into a "remote" or inaccessible compartment denoted by R(t) (mmol/l). In this model, R(t) is the principal driver of NEFA concentrations. The rate constant k C (%/ min), describes the movement of plasma glucose (above gs) into the remote compartment and also describes the clearance of glucose from the remote compartment. NEFA (t) represents the plasma NEFA concentration (mol/l) at time t. The initial NEFA concentration, NEFA 0 (mol/l) is the NEFA concentration measured at time zero.
The unit-less function h(t), which takes values greater than 0 and less than 1, is used to modulate the rate of NEFA production. The parameter ⌽ (mmol/l) is an adjustable Michaelis-Menten type affinity constant. S FFA (mol ⅐ l Ϫ1 ⅐ min Ϫ1 ) describes the maximal rate of net provision of NEFA to the plasma pool. In fasted subjects, this parameter mostly relates to lipolysis of adipose tissue, but in nonfasted subjects, this parameter may also embrace gastric inputs, as well as lipolysis. K FFA (%/min) describes the rate at which NEFA leaves the plasma pool.
